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Abstract 
The aspiration of resilient systems is to cope with all kinds of changes. Therefore it combines both agile or flexible and robust properties. In 
order to access the resilience of production systems, the determination of its sensitive parameters is imperative. For this purpose, this paper 
ascertains main levers influencing the productivity of manufacturing and assembly systems. Basis for all production processes is the production 
program representing the customer demand. The production program in terms of the list of actual orders defines the capacity demand. In this 
context, production control represents an important decision process affecting the degree of achieving objectives. Through intervening in case 
of any kind of dissipation and disturbances it adjusts the resource supply. It is assumed that the factors characterizing the production program 
exhibit varying impact on the production processes. Thus individual tasks of production planning and control are investigated in order to reveal 
interactions related to sensitive and robust parameters. These factors are characterized by means of regression analysis. Subsequently, 
requirements regarding the decision making process and decision support systems are determined. An adequate information flow analysis as 
regards the tasks of production planning and control reveals the dependencies of the current configuration of a production system. For this 
purpose, a sensitivity analysis distinguishes sensitive from robust aspects and estimates the quantity of their impact. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 
2015. 
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1. Introduction 
Against the backdrop of increasingly volatile customer 
demands, companies are faced with external turbulences as 
regards the quantity and type of products to be produced. 
Thus, the production program is one decisive factor 
expressing the customer orientation of a production program. 
Production processes and specific operations are 
predominantly affected by shifts of the production program. 
The behavior of the entire production system therefore varies. 
In particular small and medium-sized enterprises are subjected 
to turbulent changes of their environment. However, these 
companies often exhibit a low level of standardized material 
and information flows. As a result, not all data for an 
expedient preparation of the production program are available. 
Furthermore, these conditions intensify in the field of series 
manufacturing with many variants. To cope with those 
challenges, this paper introduces an approach which enables 
adequate analysis of corresponding tasks. 
Based on the alterations of the production program as 
reaction of the changing expectations and requirements of the 
costumers there is a need for a continuously analytical 
interpretation and revision of the existing production system. 
Major changes of the production program may result in 
technical-technological, organizational or personnel changes 
to ensure continuous productivity. The rule is: the more 
homogeneous and quantitative the production range, the 
higher productivity effects. As a result, cost-reducing effects 
can be generated decreasing the percentages of overhead 
costs. In addition to the manufacturing effort, the expenditure 
for planning and controlling of the production processes 
depends on the production program. Especially the series 
manufacturing, characterized by a wide, variable range of 
products and a high level of costumer orientation, is made by 
ad hoc and case by case decisions.  
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Resilience in Production Systems 
2.1. Resilience – A new Paradigm? 
Resilience serves as means in order to cope with such 
turbulence [1,2]. However, its impact and effects require 
thorough empirical evidence. In the context of overcoming 
corresponding issues, dissipation resulting from such 
turbulences describes all actions or events in terms of 
perturbations, which affect efficiency and lower productivity. 
Therewith, various efforts are made to cope with perturbations 
and to maintain the desired status of the production system. 
This refers to avoidance or at least a reduction of 
corresponding dissipation. Thus, besides reliable processes in 
terms of robust technologies this objective is within the scope 
of production planning and control. 
2.2. Characteristics of Resilience 
The concept of resilience contains ecological, social, 
individual/psychological and organizational/socio-technical 
aspects [3]. Resilience always is the ability of a system to 
cope with change [1]. In the context of production systems, 
the resilience domain combines two dimensions: agility, 
which expresses reactive strategies, and robustness including 
proactive strategies [1]; thus it is similar to changeability [4]. 
The first one meets environmental changes with 
corresponding organizational action by re-configuring 
operating states of a production system rapidly and flexibly. 
The latter is based on forecasting and prevention. Thus, robust 
systems endure rather than respond to changes due to the 
preservation of a stable system configuration. As a result, 
resilience implies self-regulation and resistance to 
disturbances of a system [3]. 
In summary, operational and organizational robustness 
expresses the ability of a system retaining its functionality 
even under fluctuating environmental conditions (e. g. 
external and internal perturbations) [5]. Thus, robustness is 
concerned with the maintenance of functionality rather than 
specific components. This often requires the system to change 
its mode of operation flexibly. With respect to the resilience 
definition, both aspects, robustness and agility, have to be 
considered in terms of a closed-loop control system as regards 
production systems. Minor perturbations endured by the 
robustness of the system differ from grave disturbances that 
require a rapid re-configuration of the production system 
based on its agility property. 
3. Influences on Production Systems 
3.1. Influencing Production Systems by Production Control 
Due to the approach of Lödding [6], the main tasks of 
production planning and control can be separated as follows. 
In the short-term production planning is characterized by 
order generation. Accordingly, production planning mainly 
influences the adherence to schedules as regards delivery 
dates. The creation of a list of current orders represents the 
transition from planning to control activities. Thus, production 
control is subject to order release, order sequence and 
capacity levelling. Particularly production control aims at a 
reliable execution of all production processes. In this context, 
a rapidly response to changes caused by dissipation and the 
achievement of production targets despite turbulent 
environmental influences is enabled. Production control 
affects inventories, lead times and capacity utilization and 
thus is the decisive factor regarding the achievement of 
managerial objectives. 
The model of Lödding as regards the production planning 
and control facilitates an easy representation of main 
characteristics of the behavior of a production system. 
However, this approach lacks of an operational suitability due 
to its simplifications. Hence, it is not able to support the 
process of decision making in daily business. Moreover, an 
accurate execution of control principles often fails due to a 
lack of understanding as regards corresponding 
interdependencies and effects [7]. 
The image of the desired target state produced by the 
production planning refers to a generation of default values 
for manufacturing and assembly. However, the target state 
empirically will not occur due to uncertainties during 
planning as well as disturbances during production. In this 
context, production control facilitates compliance with the 
desired management objectives (lead time, capacity 
utilization, inventory, on-time delivery) by intervening in 
current production processes. Thus, it represents an intricate 
decision process. To sum up, production control is the main 
factor to influence existing production systems without 
conducting structural changes. 
3.2. Dependencies of Control tasks 
However, unforeseen dissipation in a production system 
effect that its targets cannot be met. Consequently, in these 
cases an intervention by production control is imperative to 
enable compliance with deadlines and other objectives. Zülch 
developed the model of a strategic control area, which is 
determined by the order release, the sequence of production 
orders and the batch size [8]. In this context, the 
determination of batch sizes is closely linked with the order 
generation [6]. Often batch size equals the amount of similar 
orders. These parameters are crucial in terms of production 
control [9] because a combination of them represents specific 
control methods (e.g. kanban, load-dependent order release, 
etc.). Regarding the combination of these tasks, different 
interactions between the various functional areas occur. 
In contrast to Lödding, Zülch omits the effects of capacity 
control. This issue refers to the assumed interactions of the 
parameters. Capacity planning affects a resource allocation as 
regards selection of facilities or work systems and the 
scheduling. This implies both, the spatial and the temporal 
allocation of orders to facilities or work systems. Not all 
aspects of production control are covered by the approaches 
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of Zülch and Lödding. Therefore, additional factors have to be 
taken into account. 
Another important parameter in terms of production 
control is the transfer logic of orders. This aspect represents 
the way an order is passed from one work system to the 
subsequent work system. It refers to the temporal organization 
of the production (one piece flow or lot by lot transfer). 
Regarding the information flow, the trigger of an order 
transfer is a crucial factor. Thus, it is differentiated between 
push and pull logic. Therewith, it is related to information 
acquisition or sharing efforts. 
To generate a holistic comprehension of production 
planning and control activities, all those parameters or tasks 
should be considered (Fig. 1). Thus, the following functions 
and their interactions represent the control strategies for 
production systems: 
x Order generation 
x Order release 
x Batch size determination 
x Sequencing 
x Resource allocation 
x Transfer logic 
A reasonable combination of the characteristics of these 
control strategies is crucial to ensure compliance with the 
managerial objectives. However, several interactions exist 
regarding the individual tasks of production planning and 
control. As part of order generation batch size is determined. 
The transfer logic also refers to the batch size. Here 
production lot has to be distinguished from transport batch. 
Particularly the letter is affected by the transfer logic. If push 
logic is implemented, production lot size is equal to transport 
batch size. However, in case of pulling orders a splitting of 
batches is usual. Order release has impact on the order 
sequence. Taken the first in - first out principle as a basis, the 
release of orders determines their fundamental sequence. 
Nevertheless the sequence of production orders can alter 
before every work system or operating supplies. Furthermore, 
resource allocation affects the actual work flow in terms of 
the sequence due to the assignment of certain orders to 
specific resources. In particular altering order sequence apart 
from the first in – first out principle is the main factor 
influencing the achievement of objectives. 
In addition to the deterministic interactions of individual 
tasks, for employees both informal and formal degrees of 
freedom additionally emerge in exercising their functions. 
Thus, an information flow analysis is imperative to model the 
production control activities of an existing production system. 
 
Order generationProduction planinng
Customer demand
Production control
Production program
Order release
Batch size
Order sequence
Resource allocation
Transfer logic
 
Fig. 1. Interaction of Production Control Tasks. 
3.3. Requirements of Decision Support Systems 
Several requirements of decision support systems exist as 
regards the information needs that emerge when unforeseen 
events occur [10]: 
x Information validity 
x Information availability 
x Information accessibility 
x Information comprehensibility 
To handle the complex behavior of production systems, 
various IT systems support the decision making process. In 
this context, Enterprise Resource Planning Systems deploy 
the Material Requirements Planning and accordingly make 
assumptions in order to reduce the complexity of the planning 
problem. Thus, some internal or external constraints are not 
taken into account. This can result in a lack of required 
information in terms of the decision making process. 
Therefore necessary information is not well represented. Ill-
defined situations are coped with experience, knowledge and 
communication efforts by the planners. This issue also refers 
to a division of the decision making process between workers 
and planners as well as between IT tools and humans. In 
addition, the quality and the currency of information are 
decisive factors. All these aspects refer to the validity and 
correctness of data. 
The possibility to identify and solve re-scheduling 
problems strictly relates to the availability of the required 
information. Planning procedures often are conducted 
periodically. In contrast to that, the demand of control 
activities occurs event-driven. In such case additional 
information is required which mainly refers to the currency of 
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data. As a result, IT systems are complemented by 
communication efforts in terms of informal communication. 
Accessibility represents the opportunity to retrieve required 
data during the decision making process. This relates to the 
integration of IT systems in order to provide necessary 
information when it is needed. Therefore, real-time human-
computer interfaces are proposed by some authors [10]. 
Otherwise, hierarchical levels are a decisive burden with 
respect to the access of information. Particularly department 
borders limit the process of information sharing within 
enterprises. Such limitations often are overcome by informal 
communication. Thus, accessibility of information concerns 
organizational structure and hierarchy. 
Structuring and visualization are obliged to support the 
decision-making process by providing information in a way it 
can be easily understood by the users of the IT system. In this 
context, the modelling and structuring of information artefacts 
influence the comprehension of people working with these 
data. Only if information is understood the right way, 
misinterpretation can be prevented. 
All these factors define a valuation pattern as regards the 
information flow analysis. For this purpose, the respective 
input and output data of the individual control activities 
should be analyzed in their dependency and interaction. 
Furthermore, the validity of information can be estimated by 
using the criteria above complemented by an analysis of 
hierarchy levels and the degree of informal communication. 
3.4. Deficits in Production Control 
In contrast to the deterministic effects assumed by existing 
approaches in terms of production control configuration, the 
influence of socio-technical aspects on the performance of 
control principles is nearly neglected [7]. In this context, 
various problems in the accurate implementation of control 
principles result from the diversity of choice, a lack of 
communication and a deficient comprehension of the effects 
of decisions. Therefore, degrees of freedom as a function of 
the applied control method, the specific task within the 
production control as well as in consideration of the 
respective groups of people (production planners, foremen, 
and workers) necessitate a clear definition in terms of the 
hierarchical structure of control processes. It is assumed that 
within production systems people adapt processes and its 
control. Regardless the existing configuration of a production 
system in terms of robustness and agility, all the persons 
involved affect the level of its resilience. 
Production planners primarily control the flow of 
information as regards production program. Task of foremen 
is the organization of the production processes. Workers will 
perform the actual manufacturing techniques and processes. 
In this context, it is assumed that the formal rules of the 
production control in terms of their effectiveness are limited 
in multistage production systems. This entails other 
organizational rules for trapping occurring negative effects 
that cannot be confined by common control principles. 
Therefore, identifying an appropriate operating point 
regarding the balancing between the degree of freedom of the 
employees (agility) and the reliable execution of control 
principles (robustness) is imperative depending on factors of 
influence and disturbances. 
4. Robust information flow analysis 
4.1. Tasks of Production Planning and Control 
Production control serves to determine or rather anticipate 
derivations and to make the necessary adjustments 
accordingly. A proper balance between stability in terms of 
robust processes and dynamic adaption based on the agility of 
the system can be realized by appropriate principles of 
production control [7]. Thus, production control and adequate 
decisions of people implement the concept of resilience 
within production systems. For an expedient adaption by 
decision, it is essential to identify the cause-effect 
relationships for the individual operational targets in advance. 
Thus, this enables a positioning of the production in the 
tension of operational objectives. 
A robust order processing in compliance with the logistic 
objectives therefore requires the mapping and analysis of all 
relevant processes and their interdependencies [11]. The 
efficiency of production is determined by a variety of factors. 
In this context, order generation and order release represent 
possibilities to influence the manufacturing system directly. In 
contrast, organization and availability of resources are two 
aspects that individual persons hardly can work on. Those can 
be characterized as random and thus are not directly affected 
by the decisions of the production control. The production 
resources include equipment, personnel and material. A lack 
of availability leads to a decline of the efficiency and the 
intrinsic flexibility of production. A reduction of availability 
even by disturbing environmental factors is possible. The 
organization provides a restrictive framework for the 
objectives, which exists before the implementation of 
production control. Predominantly, the workplace layout, the 
legal guidelines, the process principle of the production 
(operational organization), hierarchy levels (organizational 
structure) as well as the flow of information (e. g. degree of 
informal communication) are determined as the most 
important factors that affect the attainable objectives in 
advance. 
4.2. Assessing interdependencies 
During a production process, variations and disturbances 
that complicate the control of production typically occur. Plan 
deviations appearing at different points of the production 
processes can be of various kinds and entail different 
consequences. In this context, robustness is measured in form 
of deviations as regards the four logistic objectives (lead time, 
capacity utilization, on-time delivery, and inventory). In order 
to assess the resilience of a production system it is necessary 
to analyze the interdependencies of various factors working 
on the systems behavior (Fig. 2). 
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Fig. 2. Effects of alterations of the Production program. 
Based on the customer demand operational objectives are 
deduced. This refers to precise values for the planned lead 
times, average utilization, on-time delivery, and inventory. 
The production program is fixed and is determined by the 
market or by the customer. Production structure or production 
processes (operations) describe the production system by 
fixed parameters. Those can be changed in the long term, if 
the operational objectives are no longer accessible. The 
desired operational objectives have direct influence on the 
planning and control of the specified control variables. 
Thereby, some control variables can be changed quickly and 
other in the medium term at varying objectives. However, this 
depends on the possible dynamics of changes, which is an 
intrinsic characteristic of the production system based on its 
agility level. The control variables determined by the 
production planning and control potentially disturbances that 
potentially incur or occur are taken into account. During the 
execution of the orders in the course of production, various 
disturbances and control variables concurrently take effect. 
This results in the performance data that reflect the 
performance variables. Therefore, all the factors are 
responsible for the outcome and the results. 
It is assumed that a certain divergent correlation of 
multiple intervening factors (parts classification, maximal 
work piece dimensions, number of components, process 
parameters, specific technologies, etc.) exist on the process 
control. To determine the prevailing correlation, it is 
investigated how changes of the characteristics of product 
range (production program) influence the production process 
(manufacturing and assembly). Consequently, the sensitivity 
for each suspected input-outcome relationship is determined. 
4.3. Depicting tasks by the Functional Map 
In order to protect against deviations, a high transparency 
in the planning and control processes is necessary. The 
functional map represents such a tool depicting the individual 
tasks of production planning and control dependent on the 
hierarchy levels. The concatenating representation of the 
entire planning and controlling activities includes the 
appropriate dissemination of information. This tool depicts a 
self-contained and interactive structure. Thus, effects of a re-
configuration of the flow of information and the scope for 
decision-making are assessable. 
Thereby, the functional map allows for the determination 
of the causes of problems as regards occurring deviations or 
faults. In addition, this facilitates coping with such 
disturbances by adopting effective measures quickly. The 
feedback of the results obtained in terms of data is very 
important to initiate improvements in a timely manner. For 
this purpose, first the process parameters of order generation, 
order release, batch size determination (processing / transport 
lot), sequencing, allocation of resources, and the transfer logic 
are changed. This is evaluated depending on the structure of 
the production system (type and number of elements and the 
relations between them) and the different operations (number 
of production chains). Subsequently, effects regarding the 
logistic parameters as operational objectives are assessed. 
Depending on the complexity of the production system an 
increased requirement for control as regards the number / 
frequency and variance of interventions is assumed. 
Therewith, effects of alterations of the production program on 
the utilization and responsiveness of each resource level 
(personnel, machines, material) are evaluated. 
In summary, relevant control variables that affect the 
productivity of a production system are obtained in order to 
subsequently evaluate their sensitivity. Based on the 
production program, which represents customer needs, the 
capacity requirements are defined in terms of a list of orders. 
Against this background, the production planning and control 
summarizes the crucial decision-making processes that affect 
the level of achievement of operational objectives. By 
intervening measures, which are due to any kind of 
disturbance or dissipation, an alignment of resource potential 
is conducted. It is assumed that variables characterizing the 
production program exert divergent impact on the various 
production processes (order execution). In this context, a 
distinction is made in parameter changes on which the 
production system reacts sensitively and in those which 
represent a robust production behavior. 
To detect interactions of these sensitive and robust factors, 
the functions of production planning and control as well as 
their dependencies are systematically investigated by the 
functional map [12]. The parameters were characterized by 
means of regression analysis. In addition, the requirements for 
a suitable decision-making process within the production 
planning and control as well as for supporting tools are 
determined. An appropriate analysis of information flow in 
relation to the individual sub-functions of production planning 
and control is intended to reveal the dependencies of the 
current configuration of the production system (production 
structure and operations). To this end, the distinction between 
sensitive and robust factors is performed using a sensitivity 
analysis that determines the quantitative expression of the 
interactions. 
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Moreover, it is crucial that an adequate communication 
between the hierarchical levels proceeds [13]. As a result, the 
functional map systematically reveals both potentials and 
capabilities regarding the ideal interaction of the tasks of 
production planning and control. Thus, it supports the 
operational process of decision making.  
4.4. Deducing appropriate interventions 
Basically, there are various strategies to cope with changes. 
Subsequently, some adequate measures are presented. On the 
one hand, environment can be regulated, so that weaknesses 
of the system are not revealed or an access on them is 
prevented. Moreover, the system can move to a new 
environment in which the performance can be maintained. 
Finally, the response of the system to the environment has to 
be adjusted, with the effect that the characteristics remain 
stable. 
With regard to production systems its properties can be 
changed due to environmental alterations. In this context, new 
technologies or products are offered due to a changing 
customer demand. Another possible strategy is self-regulation 
of the system. This refers to an enforcement of the stability of 
properties by utilizing the robustness of the production system 
by means of redundancy and feedback control. Thus, the 
characteristics of the system maintain stable despite an 
alteration of the environment. In contrast, modification of the 
environment is possible in order to reduce its influence in 
terms of an exposure to disturbances. This refers to the 
prevention of access for disturbing events or a transformation 
of perturbations so that they have no effect on the production 
system. Lastly, the environmental stability can be enforced by 
the tracking of resources (e. g. personnel or material) that are 
relevant for the function of the production system. This is also 
related to an avoidance of threats (e. g. competitors). 
5. Conclusion 
In summary, this paper introduces an approach that 
combines socio-technical aspects and deterministic 
interactions of the tasks of production control. Due to the fact 
that several operators are unable to cope with complex control 
principles, their involvement is imperative in order to estimate 
the effects of the freedom of choice as regards the individual 
tasks of production control. The functional map enables an 
analysis of main levers influencing production systems. In this 
context, the tasks of production planning and control and their 
interactions are very important factors. Based on a 
hierarchical pattern possibilities of intervention are drawn 
systematically, so that operational users will be in a position 
to act independently within coordinated control loops. 
Production control executed by operational users enables an 
adaptive balancing between robustness and agility and thus 
represents the implementation of the concept of resilience 
within production systems. However, the more intricate the 
production system and its organization are, the more difficult 
the application of this approach seems to be. In this regard, 
additional research is necessary. 
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